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Weak bubble plumes carry liquid from the
environment upwards and release it at multiple
intermediate levels in the form of radial intrusive
currents. In this study, laboratory experiments are
performed to explore the spreading of turbulent
axisymmetric bubble plumes in a liquid with linear
density stratification. The thickness, volumetric
flowrate and spreading rates of multiple radial
intrusions of plume fluid were measured by tracking
the movement of dye injected at the source of bubbles.
The experimental results are compared with scaling
predictions. Our findings suggest that the presence
of multiple intrusions reduces their spreading rate,
compared to that of a single intrusion. This work is of
relevance to the spreading of methane plumes issuing
from the seabed in the Arctic Ocean, above methane-
hydrate deposits. The slower, multiple spreading
favours the presence of methane-rich seawater close
to the plume, which may reduce the dissolution of
methane in the bubbles, and thus promote the direct
transport of methane to the atmosphere.
This article is part of the theme issue ‘Stokes at 200
(part 2)’.
1. Introduction
In 1851, Stokes derived an expression for the drag
on a spherical pendulum bob moving in a viscous
fluid [1]. This expression, by a modification of the





boundary conditions, can describe the drag on a spherical bubble, and a further reshaping can
also approximate the drag on a non-spherical bubble. Many such bubbles together constitute
either a bubble cloud or a bubble plume. Bubble plumes are formed above a continuous source
of gas bubbles in a liquid environment. The bubbles rise owing to buoyancy and carry ambient
fluid upwards forming a plume of two phases [2–5]. The bubbles originate either from point
sources that form axisymmetric plumes, or line sources that give rise to two-dimensional plumes.
In weak bubble plumes, a double structure develops: the bubbles are concentrated in a central
region, around which liquid rises [6–8]. The outer liquid plume rises more slowly than the inner
plume and entrains ambient liquid. Liquid between the inner and outer plumes is exchanged
by turbulent eddies. In a linear density stratification, the bubbles carry the negatively buoyant
liquid upwards over only a relatively short distance, subsequently releasing it to the environment.
This liquid from the outer plume then descends to a level of neutral buoyancy where it spreads
horizontally. The liquid peeling occurs periodically throughout the vertical extent of the plume.
The horizontal plume-liquid currents spreading in the environment are called intrusions. Similar
mechanisms of intrusion formation have been described for gravity currents [9] and single-phase
plumes [10] in stratified environments.
Intrusive gravity currents, formed from direct injection of fluid or by a single-phase plume in
a stratified environment, have been of interest to many researchers [11–15]. Intrusion behaviour
is characterized in terms of two spreading regimes when buoyancy is driving the flow. The initial
spreading is determined by a balance of the inertial retarding force and the buoyancy force,
leading to the spreading relation [16]
R = a(NQi)1/3t2/3, (1.1)
where R is the radial position of the tip of the intrusion, N is the ambient buoyancy frequency, Qi is
the intrusion volumetric flowrate, and t is time. This balance corresponds to an intrusion Froude
number Fr = 8πa3/9 [17,18]. At later times, the intrusion flow is slower, so that viscous forces
become important. Once the viscous-buoyancy regime is established, the tip of the intrusion







where ν is the kinematic viscosity. Lemckert & Imberger [16] proposed a time-scale for the change
of regime, from the time taken for the inertia-buoyancy current thickness to collapse to the
viscous-buoyancy one, as






Previous experimental and theoretical work suggests the ranges a = 0.40 − 0.80 and b = 0.45 −
0.52 [11–13,16,19].
The initial vertical thickness of the intrusion formed from plume spreading is generally agreed
to follow the scaling
L = cB1/40 N−3/4, (1.4)
where B0 is the buoyancy flux at the source of the plume [5,20]. The exact value of the coefficient
depends on the relative speeds of the bubbles and the plume. The typical range is c ∼ 0.7–4.5, the
higher values being observed for higher plume speeds [5,20].
In contrast to the above work on single intrusions, weak bubble plumes spread forming
multiple intrusions, between which ambient fluid is entrained into the plume. This periodic
spreading pattern has not been studied quantitatively before. In this work, laboratory
experiments are performed to explore the spreading of weak axisymmetric bubble plumes in a
liquid with linear density stratification. The thickness, volumetric flowrate and spreading rates
of the multiple radial intrusions were measured by tracking the movement of dye injected at the














Figure 1. (a) Schematic of the experimental set-up. (b) General pattern of plume spreading. For each intrusion, the radius R;
the volumetric flow rate Qi ; and the intrusion thickness at the edge of the plume L, were measured. The edge of the plume is
taken to be the radius of the bubble core, indicated by the dotted lines. Black arrows illustrate the flow of liquid. Intrusions are
numbered from the bottom as shown. (Online version in colour.)
of methane bubble plumes in the Arctic sea. Numerous such plumes transport the methane from
depth to shallower regions in the seawater, and possibly to the atmosphere [21–23].
2. Experimental procedure
Laboratory experiments were carried out using the equipment shown schematically in figure 1a.
Tank T1 was made of perspex and had inner dimensions of 68 × 68 × 50 cm. A double bucket
system (B1 and B2) was used to create a linear density profile [24]. The density profile in tank
T1 was measured using an Anton Paar density metre. Nitrogen gas was supplied into tank T1
at height 2.5 cm above the tank base using a stainless steel tube with a diameter of 1 mm (with
the exception of three experiments where a 0.5 mm tube was used, marked with asterisks (*) in
table 1), forming a stream of bubbles. The flowrate of nitrogen was measured with a rotameter and
controlled with a needle valve. Pressure in the nitrogen supply line was kept constant at 2 bar. The
bubbles formed were ellipsoidal, with diameters in the range 0.2–1.2 cm. The bubble size can be
assumed constant owing to negligible breakup, coalescence and expansion over the small height





Table 1. Experiments conducted.
experiment Q0 (cm3 s−1) N (s−1) intrusions UN
1* 20 1.10 2 2.00
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2* 20 1.45 3 1.87
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3 18 0.79 1 2.25
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4 18 1.03 2 2.10
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5 18 1.12 2 2.06
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6 18 1.25 2 2.00
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
7 15 0.82 2 2.32
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
8 15 0.93 2 2.25
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
9 15 1.22 2 2.10
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
10* 15 1.35 3 2.05
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
11 10 0.97 3 2.46
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
12 10 1.02 3 2.43
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
13 10 1.11 3 2.38
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
14a 10 1.23 4 2.31
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
14b 10 1.23 4 2.31
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
15 10 1.45 4 2.23
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
16 5 1.04 3 2.88
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
17a 5 0.92 3 2.97
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
17b 5 0.92 3 2.97
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
17c 5 0.92 3 2.97
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
17d 5 0.92 3 2.97
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
17e 5 0.92 3 2.97
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
17f 5 0.92 3 2.97
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
a silicone tube of diameter 1 mm. The dye was a 5 g l−1 mixture of Acid Red 1 (Azophloxine) in
water and delivered at a rate of 5 cm3 min−1.
A Nikon D300s DSLR camera with an AF-S Micro NIKKOR 60 mm f/2.8G ED lens was used
to capture the experiments at 24 Hz and the images were processed using the MATLAB R2017b
image processing toolbox. To ensure consistent lighting of the videos for image processing, an
LED light sheet was placed behind the tank and all other light was eliminated by turning off
ceiling lights and using two sets of blinds on the windows. From tracking the movement of the
dye, the radius and thickness of each intrusion, as well as the total volume within it could be
determined (figure 1b). Further details of the image processing are given in [26–28].
The experiments conducted in this project are given in table 1 (complete raw data may be
found at https://doi.org/10.17863/CAM.51658). The slip velocity of the bubbles us is presented
in non-dimensional form UN = us/(B0N)1/4. For most of the range of UN studied, the bubble
plumes have distinct and steady sub-surface intrusions [5,7].
3. Results and discussion
Figure 2 shows the typical evolution of the spreading of the bubble plumes. The injected red





t = 1 s 5 cm t = 30 s
t = 60 s t = 90 s
Figure 2. Spreading of a bubble plume with gas flowrate 17.7 cm3 s−1, in stratification with N = 1.25 s−1 (experiment 6).
(Online version in colour.)
























Figure 3. (a) Instantaneous intrusion thickness against the Ozmidov length, where the points correspond to intrusion numbers
1, yellow triangles; 2, pink squares; 3, blue circles counted from below. The scaling is constrained to intersect the origin. The
errorbars represent the standard deviation of results from repeated experiments. (b) Evolution of the thickness of intrusions 1,
bottom yellow; 2, top pink solid lines for experiment 17b. Dashed lines show variations between results from the left and right


















Figure 4. Intrusion volume with respect to time for Experiment 17f. Coloured lines correspond to the volume of intrusion 1,
bottom yellow; 2, intermediate pink; 3, top blue, solid lines. Coloured dashed lines show variations between results from the
left and right side of the plume images. The slope of the best line through the data is the volumetric flowrate of the intrusion,
Qi . (Online version in colour.)
develop, which gradually spread radially. The entrainment of ambient fluid into the plume occurs
in the non-dyed fluid region below and between the intrusions. Once the intrusions reach the wall
of the tank, the dyed fluid is re-entrained into the plume and eventually fills the entire tank.
The intrusion thickness, measured at the edge of the plume, is approximately independent of
time and proportional to the Ozmidov length [5], as shown in figure 3. The results are separated
by intrusion number and can be seen to follow the expected scaling (1.4) with a coefficient c =
0.83 ± 0.14. The measurements presented are instantaneous ones; the typical time evolution is
shown in figure 3b for intrusions 1 and 2 in experiment 17d. The scatter of the data in the time
evolution is consistent with that in the scaling. The difficulty in measuring the intrusion thickness
using image processing, owing to the local mixing produced by the bubble core, precluded the
use of a time-averaged thickness for all intrusions.
The intrusion flowrates, Qi, were determined from the slope of the straight line fit for the
intrusion volume as a function of time (figure 4). The intrusion volume was calculated by
measuring the intrusion thickness as a function of radius at each time, from the two-dimensional
image view from the front of the tank, and integrating assuming axisymmetry. However,
discrepancies were observed to occur between the right and left sides of each current, as seen
in figure 4, partly owing to the axisymmetric assumption. The initial behaviour, while the plume
is established, was neglected in the calculation of the flowrate. The large-time behaviour with
an apparent constant volume is an image-processing artefact, and was also neglected. Indeed,
as an intrusion approaches the tank wall, it spreads vertically; this spreading was neglected in
the calculation of the intrusion volume flux owing to the utilization of an image-analysis control
volume of set height. The set control volume height results in the flattening of the volume curves,
as shown in figure 4, and allows the intrusion volume flux to be determined from the curve using
the largest time interval with an approximately constant slope prior to any intrusion interaction
with the wall.
Figure 5 shows the intrusion flowrate plotted against the scaling group B3/40 N
−5/4. The flowrate
is larger for the top intrusion owing to the release of the liquid carried with the bubbles in the
central part of the plume, in addition to the liquid dragged in the outer plume. For the lower
intrusions, 1 and 2, the flowrate follows the expected scaling (1.4) with a coefficient 0.13 ± 0.06.
This flux is much lower than that reported by Socolofsky et al. [7] for sediment plumes in the
same range of UN (their fig. 8), possibly owing to the much weaker plumes studied here. The
relatively large experimental error is a result of the deviation of the plume spreading from the
exact axisymmetric one and is consistent with the magnitude of the difference between the left-




















Figure 5. Intrusion flowrate against B03/4N−5/4. Points correspond to intrusion numbers: 1, yellow triangles; 2, pink squares;
3, blue circles. The scaling is constrained to intersect the origin. The errorbars represent the standard deviations of results from
repeated experiments. (Online version in colour.)









Figure 6. Intrusion radius with respect to time for experiment 17b. Solid lines correspond to average radius for intrusion 1,
bottom yellow; 2, intermediate pink; 3, top blue lines. Coloured dashed lines show variations between results from the left and
right side of the plume images. Predicted inertia-buoyancy (R∝ t2/3) and viscous-buoyancy (R∝ t1/2) regimes are shown by
black dashed lines and black dotted lines, respectively. The vertical line signals the time at which the first intrusion reaches the
wall of the tank. (Online version in colour.)
Figure 6 presents the radial spreading of several intrusions as a function of time. The inertia-
buoyancy and viscous-buoyancy regimes were identified, from the changing slopes, from t2/3 in
the inertia-buoyancy regime to t1/2 in the viscous-buoyancy regime, as shown. In the experiments
presented here, the transition time between the inertia-buoyancy and viscous-buoyancy regimes
from (1.3) is expected to be about 100 s. The results indicate on average a lower transition
time of around 20 s, which may be explained by the counterflow present in the multiple
intrusions studied here. In each experiment, the top intrusion reached the wall of the tank after
approximately 100 s.
The results from all the experiments are presented in figures 7 and 8 for the inertia-buoyancy
and viscous-buoyancy regimes, respectively. The reference time, tr, and reference radius, Rr, are
taken to be the time and radius at which the transition to the viscous regime occurs. In the inertia-




















Figure 7. Dimensionless intrusion radiuswith respect to dimensionless time in the inertia-buoyancy regime. Points correspond
to bubble flowrates of Q0 = 5 cm3 s−1 (green circles); 10 cm3 s−1 (red circles); 15 cm3 s−1 (pink squares); 18 cm3 s−1 (yellow
squares) and 20 cm3 s−1 (blue triangles). The black line and dashed line represent a Froude number of 0.3 and 0.1 respectively.


















Figure8. Dimensionless intrusion radiuswith respect to dimensionless time in the viscous-buoyancy regime. Points correspond
to bubble flowrates of Q0 = 5 cm3 s−1 (green circles); 10 cm3 s−1 (red circles); 15 cm3 s−1 (pink squares); 18 cm3 s−1 (yellow
squares) and 20 cm3 s−1 (blue triangles). The black line represents the average scaling. (Online version in colour.)
The spreading relationship determined for the inertia-buoyancy regime is R = 0.39(NQi)1/3t2/3,
corresponding to an average Froude number of Fr = 0.17. The coefficient has a standard deviation
of 0.08, corresponding to a Froude-number range of 0.09 < Fr < 0.31. For the viscous-buoyancy
regime, we obtained R = 0.15(N2Q4i /ν)1/10t1/2, where the coefficient has a standard deviation of
0.02. The presence of the tank wall slows the spreading rate of the intrusion at large times in
this regime, as noted in previous work [12]. The intrusion radius beyond which the presence of
the wall became important varied for each experiment. To prevent wall effects from influencing
the calculation of the intrusion spreading rate, we neglected all radial measurements beyond
which there was an obvious gradient reduction without subsequent recovery back to the original
gradient. The offsets bp, Rr and tr used in figures 7 and 8 are presented in figure 9 as a function of
the experimental parameters. The offset of 0.20 from the origin in figure 9a is associated with the

































Figure 9. The points correspond to intrusion numbers 1, blue circles; 2, pink squares; 3, yellow triangles counted frombelow. (a)
Plume radius bp against the Ozmidov length. The line of best fit has a coefficient of 0.33 ± 0.07. (b) Reference time tr against
G/N as predicted by the scaling (1.3). The line of best fit has a coefficient of 0.13 ± 0.05. (c) Reference radius Rr against the
length scale predicted by (1.3) and (1.1). The line of best fit has a coefficient of 0.09 ± 0.03. (Online version in colour.)
plume in an unstratified environment, the average virtual source is 2.6 cm below the real source
for an average plume entrainment coefficient α = 0.063, aligning with previous measurements for
weak bubble plumes [2]. The scatter in figure 9c reflects the difficulty in setting the transition
between the inertia and viscous regimes and partly explains the spread of data in figure 8.
Table 2 compares these results to previous work in linear density stratification, with either
direct injection of fluid into an intrusion or a plume intrusion. Although we do not present the
results of Kotsovinos [14] for a jet intrusion, owing to the different scaling used in that study,
it is worth noting that his results (see his figs 14 and 15) are in quantitative agreement with
those of Zatsepin & Shapiro [13] and Lemckert & Imberger [16]. For the inertia-buoyancy regime,
our finding of 0.39 is consistent with the measurement of Lemckert & Imberger [16] for a single





Table 2. Comparison of coefficients for the inertia-buoyancy and viscous-buoyancy regimes for radial intrusions in linear
stratification.
inertia-buoyancy viscous-buoyancy
study coefficient, a coefficient, b type of flow
Chen [11] 0.802 0.45 asymptotic solutions for
submerged spreading.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Zatsepin & Shapiro [13] not studied 0.52 laboratory experiments:
Constant discharge at level
of neutral buoyancy.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Ivey & Blake [12] not studied 0.45 laboratory experiments:
Constant discharge at level
of neutral buoyancy.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .




. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
current results 0.39 ± 0.08 0.15 ± 0.02 laboratory experiments:
Intrusions of point-source
bubble-plumes.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The speed of the intrusion in this regime is largely set by the energy dissipation at its nose [15],
so the consistency of the coefficients for single and multiple spreadings suggests that the periodic
counterflow of environment fluid in the latter does not affect the energy balance. For the viscous-
buoyancy regime, the theoretical results of Chen [11], and the experimental results of Ivey & Blake
[12] and Zatsepin & Shapiro [13], for direct injection of fluid, are in the narrow range of 0.45–0.52.
The coefficient found in our work for multiple bubble-plume intrusions is significantly smaller.
The slower spreading in our study may be explained by the counter flow of the environmental
fluid between the multiple intrusions, as it is entrained into the plume. Although this counter
flow does not seem to affect the dissipation of energy at the nose of the intrusion in the inertia-
buoyancy regime, a higher viscous friction is expected at lower speeds. Our findings suggest that
dissolved methane may be retained relatively close to rising methane bubble plumes in the Arctic
sea, thus reducing the dissolution of methane and promoting the direct transport of methane to
the atmosphere.
4. Conclusion
Laboratory experiments were performed to quantify the spreading of turbulent axisymmetric
bubble plumes in a linear-density stratification. Weak bubble plumes characterized by multiple,
periodic radial intrusions were considered. It was found that the spreading in the inertia-
buoyancy regime was slower than theoretical results for single intrusions but consistent with
experimental observations of bubble plume systems forming single intrusions. This consistency
of the intrusion speed for single and multiple spreadings suggests that the periodic counterflow
of environment fluid in the latter does not affect the energy balance at the nose of an intrusion.
Spreading in the viscous-buoyancy regime was significantly slower than that reported from both
theoretical and experimental results for single intrusions formed by direct injection of fluid. This
slower spreading may be explained by the higher viscous friction caused by the counter flow
of the environmental fluid between multiple intrusions, as it is entrained into the plume. This
finding is of relevance to the spreading of dissolved methane by bubble plumes in the Arctic Sea.
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